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PROCESS FOR PRODUCmG HIGH- 
STRENGTH SEAMLESS STEEL FIPK 
HAVING EXCELLENT SULFIDE STRESS 
CRACKING RESISTANCE 

5 

TECHNICAL FIELD 

The present invention relates to a process for producing a 
seamless steel pipe having high strength and excellent 
coirosion resistance, especially sulfide stress cracking resis- 
tance. More particularly, the invention relates to a process 
for producing a seamless steel pipe having high strength, 
good toughness and excellent corrosion resistance, espe- 
cially sulfide stress cracking resistance, which is character- 
ized by a combination of specified chemical composition of 
raw materials (steel billet) and specified thermo-mechanical 
treatment of the material. The process is also characterized 
by being performed in a continuous line con^Trising steps of 
pipe manufacturing and heat treatment thereof. 

BACKGROUND ART 20 

In a steel production factory which requires huge 
facilities, simplification of the process using so-called "on- 
line processing" has been investigated in order to save 
energy and to shorten the process. The "on-line processing" ^5 
means to perform work such as rolling and heat treatment in 
one continuous manufacturing line. In the on-line 
processing, a method wherein a hot worked product is 
inunediately quenched for utilizing its heat in the working is 
called "direct quenching**. On the other hand, a method 
wherein the hot worked product is once cooled, and then 
subjected to heat treatment in a separate line is called 
"off-line processing", and quenching which is carried out in 
the off-line processing is called "reheating and quenching". 

Recently, in the field of steel plate making by hot rolling. 35 
the off-line processing is diminished and most of the plates 
are produced in the on-line processing. In manufacturing of 
seamless steel pipes, however, the heat treatments such as 
quenching and tempering of the products is still mostly 
conducted in the off-line processing, because it is considered 40 
that quality and reliability of the product are more important. 
Needless to say. it is necessary for the off-line processing to 
include hardening facilities (a heating furnace and quench- 
ing equipment) and a tempering furnace in a separate line 
from the pipe manufacturing line. 45 

In the conventional pipe manufacturing process, seamless 
steel pipes are produced in a consecutive hot working 
process comprising steps of piercing a steel billet by a 
pierce, extending and rolling by a plug mill or a mandrel 
mill and shape-finishing by a sizer or a reducer. Sometimes, so 
a press machine is used for piercing. Usually, the pipe 
manufactured in a working line forming is reheated, 
quenched and then tempered in a line separate from the pipe 
manufacturing line. In this way. the seamless steel pipes 
provided with sufficient properties such as strength, tough- 55 
ness and the sulfide stress cracking resistance are supplied to 
customers. The sulfide stress cracking is a crack which 
appears in high strength steels exposed to an environment 
containing suDide. particularly hydrogen sulfide (HjS). The 
"sulfide stress cracking" is referred to as "SSC hereafter, eo 

If the above mentioned usual quenching step is replaced 
by the direct quenching, simplification of the manufacturing 
facilities and reduction of the production are achieved. As 
mentioned abx)ve. "direct quenching" means the treatment* 
wherein the product, after hot working, is immediately 65 
quenched. In detail, it means a method to obtain a hardened 
metal structure, consisting of martensite or bainite by direct 
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quenching from an austenite state at a temperature higher 
than Ar3 transformation point, in the hot working line. 

For example, in Publication of J^anese Patent Applica- 
tion (referred to as PJPA hereafter) Nos. 58-224116, 
60-75523 and 6-172859 disclose steel pipe manufacturing 
processes, including the direct quenching step such as 
enforced cooling, immediately after hot working. However, 
the pipes produced in the direct quenching process have 
coarse grain size in its microstructure and inferior toughness 
and corrosion resistance (SSC-resistance) in comparison 
with the pipes produced in the conventional off-line reheat- 
ing and quenching process. 

As mentioned above, the direct quenching tends to make 
the grain size of the product coarse in comparison with the 
conventional reheating and quenching. It had been thought 
that the direct quenching method was not suitable for 
manufacturing of a seamless steel pipe having high strength 
and high corrosion resistance because the pipe with coarse 
grain size is inferior in toughness and SSC-resistance, which 
are regarded as the most important properties of the seam- 
less steel pipe. 

As a method to refine crystal grains, a method has been 
proposed wherein the grain refining is performed by a 
combination of cooling and reheating for two phase 
transformations, i.e.. transformation from austenite to ferrile 
and reverse transformation from ferrite to austenite. For 
exan^>le. a method wherein cooling and reheating steps are 
added intermediately to rough rolling and finish rolling is 
disclosed in PJPA No. 56-3626. Other methods wherein 
cooling and reheating steps are put together after finish 
rolling are disclosed in PJPA Nos. 58-91123. 58-104120. 

63- 11621 and 04-358023 respectively. Further. PJPA No. 
58-117832 discloses a method in which two cooling and 
reheating steps are put into the process, one is during the 
rolling process, another is after rolling. 

According to each method mentioned above, it is possible 
to refine the grains of the steel products which are directly 
quenched. However, each method includes the following 
problems. 

(T) The refinement of the grains is still insufficient for a 
requirement for higher level ccMxosion resistance. 

(2) Energy consumption to reheat the products, which 
have been once cooled to a ten^rature range for initiation 
and completion of transformation, to a temperature range 
wherein the reverse transformation is completed, is very 
large. 

(3) Since the above-mentioned methods require rather 
con^licated and expensive facilities, the cost reduction of 
construction and operation is not so large in con^arison with 
the off-line heat treatment. 

In order to refine the grains further and improve harden- 
ability of the steel, some methods wherein a steel product is 
direct quenched and tempered, after grain refining by hot 
working at non-recrystallization area and recrystallizing, are 
shown in PJPA No. 62-139815. No, 63-223125 and 

64- 55335. 

In the method of the above mentioned No. 62-139815, 
strength and toughness of the product are improved by 
keeping the steel in a temperature range near to the finish 
rolling temperature, for recrystallization of austenite grains 
and retaining solute B (boron). This mechanism is based on 
a relationship between hardenability of the steel and the 
behavior of B during the process, from finish of hot rolling 
to quendiing. The method of the said No. 63-223125 
improves strength and toughness of the product by uniform 
fine grain structiu-e of No. 8 or more of JIS grain size 
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number. In this method, in order to get the said grain 
structure, the product is fully hot rolled in non-recrystallized 
temperature region, rapidly heated to a temperature for 
soaking for a short time, without cooling under Ar, trans- 
formation point, directly quenched, and tempered, 5 

The above mentioned grain refining by direct quenching 
arc concerned with a production technology for plate of low 
carbon steel in which recrystallization and grain growth 
occur relatively easily. If these methods are spiled to a 
process of manufacturing a high strength corrosion resistant 
steel pipe for oil well use. it is difficult to obtain the same 
effect as the plate, since the seamless steel pipes for oil well 
use are made of medium carbon steels. Although rolling at 
a large working ratio is rather easy for the steel plate, 
especially of low carbon steel in the non-recrystallized 
condition in a comparatively low temperature area, the same 
rolling is extremely difficult for the steel pipe, especially of 
medium carbon steel, which is worked in a complicated 
rolling process. In other words, it is not easy to apply process 
steps for manufacturing steel plates to the process for 20 
producing steel pipes. In mcH-e detail, rolling at a large 
wcHTking ratio in the non-recrystallization temperature range 
below 1000^ C. in the general pipe rolling method, such as 
the plug mill method or the mandrel mill method, causes 
problems of over capacity of the mill or difficulty of drawing 25 
off the mandrel bar from the pipe after rolling. Accordingly, 
some countermeasures against these problems are necessary. 

Inventions for recrystallization during or after rolling step 
in the direct quenching process for seamless steel pii>e 
m a k i n g are disclosed in PJPA Nos. 61-238917. 05-255749. 30 
05-255750 and 05-271772. 

The invention of the above mentioned No. 61-238917 is 
characterized by controlling the recrystallization ratio before 
quenching to more than 90% and using a steel of a specified 
chemical composition with defining heating condition after 35 
hot rolling precisely. However. No. 61-238917 states noth- 
ing about the rolling condition of the seamless steel pipe for 
reasons that an improvement of toughness, by changing 
rolling condition, is not practical. If the heat treatment 
disclosed in No. 61-238917 is simply applied to the general 40 
pipe rolling process, such as the plug mill or mandrel mill 
process, desirable uniform fine grain structure is not always 
obtained. Furthermore, the heat treatment probably will 
promote grain growth and generate coarse grains. 

PJPA Nos. 5-255749 and 5-255750 disclose methods of 45 
direct quenching in which a hollow shell of specified diemi- 
cal composition is forcibly cooled to 1100-900° C. on the 
way of rolling and then rolled with a reduction of thickness 
in area of 15% or more into a pipe shell with an aimed outer 
diameter and thickness. Thereafter, the pipe is finish-rolled 50 
after re-heating at 900-1000° C. and then direcUy 
quenched. Austenite grain size of the pipe finally produced 
in this method is 8.9 of ASTM grain size number at most 
because the grain has grown by the re-heating before finish- 
rolling, even if very fine grain structure is obtained during 55 
the hot rolling step. In addition, in the method described 
above, abnormal grain growth occurs frequently because of 
relatively low reduction of finish-rolling so that the pipe 
does not always have uniform fine grain structure. As 
mentioned above, the process comprising the re -heating step 60 
on the way of hot-rolling is not always favorable to make 
grains fine and uniform. The re-heating temperature can be 
in a range wherein the grain growth does not occur. In this 
case, however, the structure of the pipe becomes elongated 
grain or mixed grain structure because rolling after the 65 
re-heating was carried out in the non recrystallization tem- 
perature range. In particular, the elongated grain structure 



deteriorates hardenability of steel and increases anisotropy 
of the mechanical properties. Accordingly, it is difficult to 
use the seamless steel pipe produced in this method, as the 
steel pipe must have particularly good corrosion resistance. 

PJPA No. 5-271772 discloses a method of manuf actiffing 
a steel pipe which has mOTe than 90% martensite structure, 
wherein the pipe made of a billet of specified chemical 
composition by primary rolling is reheated to 900-1000° C. 
and then is finish-rolled followed by direct quenching. 
However. No. 5-271772 does not state anything about the 
working conditions of steel pipe. As for this method, a 
uniform fine grain structure may not be always obtained, 
since the method is diaracterized by the le-heating of the 
pipe in this course of hot rolling is the same as the methods 
of preceding Nos. 5-255749 and 5-255750. Austenite grain 
size of the pipe obtained in this method, finally, is at most 73 
of ASTTM grain size number. 

Methods for direct quenching of a steel pipe, the grains of 
which are refined, before quenching, by a combination of 
chemical composition of material and a specified arrange- 
ment of rolling mills, are disclosed in PJPA Nos. 5-271772, 
6-172854, and 6-172858. In these methods, a hoUow sheU is 
formed into a finish product by two or more diagonally 
inclined roll mills (skew-roll mills) arranged in tandem. The 
deformation mode of rolling in the skew roll mill, contains 
a lot of shear strain con^Ktnent. In these methods, the hollow 
shell is rolled at a lower lenq>erature than usual in each mill 
or in the first mill, and the temperature of the pipe is 
increased by working heat. The pipe is successively rolled in 
the skew-roll mill and finish rolled to the final products. 
Occasionally the pipe is re-heated before the finish rolling, 
i.e.. after the last rolling in the skew-rolling mill. Under the 
rolling conditions of temperature and reduction ratio speci- 
fied in these patent bulletins, the pipe receives severe 
deformation, even if the rolling is carried out in the skew- 
rolling mill, and the produced pipe has defects (surface 
defects) firequently. Furthermore, austenite grain size of the 
pipe, produced in this method, is 10.7 of ASTM grain size 
number at most because the reduction ratio in the finish 
rolling is too small. 

Recently improvement of SSC-resistance of seamless 
steel pipes, particularly pipes for oil wells, has become an 
important subject, as the mining of high corrosive crude oil 
containing much sulfide has become active. As for the 
technology to improve SSC-resistance. methods for refining 
the grain stmcture of the pipe in a process comprising one 
or more reheating-quenching cycles were disclosed in PJPA 
Nos. 6-220536, 60-43424, 60-52520, 60-46318. 60-86208. 
60^6317 and 60-86209. for example. 

The above-mentioned No. 6-220536 discloses a method 
wherein a steel pipe, having a specified chemical 
composition, is reheated and quenched again after direct 
quenching. However, there is no description in No. 
6-220536 about the working conditions of the steel pipe, 
especially the finish rolling condition just before direct 
quenching. If a steel pipe is subjected to direct-quenching 
after finish-rolling in the usual rolling method for seamless 
steel pipe by the plug mill or mandrel mill, the micro 
structure of the produced pipe does not always become ultra 
fine uniform grain structure because abnormal grain growth 
occurs frequently at reheating and quenching treatment, 
after direct-quenching. The pipe thus produced may be 
inferior in corrosion resistance. 

The above-mentioned PJPA Nos. 6043424 and 60-52520 
disclose methods in which steels are rdteated then quenched 
after direa quenching. In this method, the steels having 
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Specified chemical compositions are hot-rolled with not less 
than 20% reduction of thickness, at a temperature of 1000° 
C. or less, just before direct quenching. Although these 
methods are characterized by finish rolling at lower tem- 
perature range, such as 1100° C or less, values of the 5 
reduction of thickness on rolling are about 40% at most, as 
indicated in examples. However, the steel only rolled with 
about 40% of reduction, never have satisfactorily refined 
austenite grains, after direct quenching, which become the 
initial grains in the reheating and quenching steps, 
Consequently, the reheating and quenching cycles should be 
repeated many times to obtain ultra fine grains of the steel. 

PJPA Nos. 60^6318 and 60-86208 disclose a method of 
reheating and quenching of the pipes, wherein a steel having 
a specified chemical composition, is subjected to the 15 
priinary-hot-rolling in austenite phase area and subjected to 
the secondaiy-hot-roUing. after being kept warm or being 
reheated* in order to suppress the initiation of transformation 
into ferrite phase and then the rolled steel is directly 
quenched. In this method, because the transformation is 20 
suppressed between the primary and secondary rolling steps, 
the austenite grains, after direct quenching, which become 
the initial grains in the reheating and quenching steps, can 
not be refined sufficiently. Therefore, the reheating and 
quenching cycles should be repeated many times, in order to 25 
obtain desirable fine grain structure. Since rolling 
conditions, especially the secondary rolling conditions 
before direct quenching, are not described at all in both of 
60-46318 or 60-86208, it must be assumed that the second- 
ary rolling (finish-rolling) is carried out under the usual 30 
conditions for general seamless stee! pipe producing and 
then the pipe is direct quenched. In the steel pipe thus 
produced abnormal grain growth occurs frequently, contrary 
to expectation by the repeating of reheating-quenching 
cycle, therefore the steel pipe becomes inferior in corrosion 35 
resistance because the structure of the steel is not always 
ultra fine uniform grain. 

PJPA Nos. 60^6317 and 60-86209 disclose methods of 
reheating and quenching of pipes, wherein a steel having 
specified chemical composition is primarily hot -rolled in the 40 
austenite phase area, and transformed into ferrite phase, 
thereafter reheated to austenite phase area once again, then 
secondarily hot-rolled and directly quenched. Austenite 
grains of the steel, after direct quenching, which will 
become initial grains in the reheating and quenching proce- 45 
dure become fine in this method because the steel transforms 
between the primary-hot-rolling and the secondary-hot- 
rolling. However, it is not preferable, in aspect of enei^gy 
consultation increment, to cool the pipe to the ten^erature 
area of ferrite phase and then reheat to the area of austenite 50 
phase. Further, the method requires large equipment result- 
ing in a remarkable rise of production costs. In addition, 
there is no description about rolling conditions, particularly 
the secondary hot-rolling condition, before direct quenching 
in both of 60-46317 and 60-86209. As mentioned above, 55 
when the secondary rolling (finish-rolling) is carried out 
under usual conditions for general seamless steel pipe mak- 
ing and the pipe is directly quenched, the abnormal grain 
growth occurs on the contrary in the reheating and quench- 
ing procedure, therefore the pipe becomes frequently infe- 60 
rior in corrosion resistance because the structure of the steel 
is not always ultra fine uniform grain. 

A lot of ' studies have been done about relation between 
metallography of steel and SSC, in order to improve SSC- 
resistance of the steel. Some of the methods to improve 65 
SSC-resistance of the steel metallographically are as fol- 
lows: Q) specifying chemical composition of the steel. (2) 



specifying metal structure, (3) improving heat-treatment 
technique, and (4) combination of the above-mentioned 
methods. 

At first, as. for the methods of specifying chemical 
con^osition, PJPA No. 62-253720 shows a method of 
specifying Si, Mn, P and Mo content and yield strength of 
the steel. No. 63-2747 17 shows a method of selecting high 
carbon steel, and No. 62-149813 and No. 63-238242 show 
methods of adding Zr to steel, respectively. Since W 
(tungsten) is an element of the same group in the periodic 
table and is similar to Mo in chemical properties. W has been 
added together with Mo as an alloying element. For 
example. PJPA No. 60-52520 discloses a method in which 
steel containing 0.05-0.80% of Mo-KVi) W is directly 
quenched and tempered, in order to improve SSC-resistance 
by suppression of inqsurity segregation. However, all the 
methods described in these PJPAs are based on usual direct 
quenching, therefore, it is difficult to depress the SSC of the 
high strength steel which has been subjected to the conven- 
tional direct quenching method, even if the chemical com- 
position of the steel is specified, as mentioned above. 

As for the improvement of metal structure, it is known 
widely that the structure, which mainly consists of tempered 
martensite. is superior in SSC-resistance of the steel and it*s 
fine grain structure is desirable. In addition, a method of 
forming bainite structure and a method of forming elongated 
grain structure are disclosed in PJPA Nos. 63-93822 and 
62-30849. respectively. Further, as a heat treatment tech- 
nique to obtain fine grain structure, other methods using 
rapid heating by an induction heating equipments etc. are 
disclosed in PJPA No. 54-117311 or 61-9519. These 
methods, however use the conventional reheating and 
quenching technology. Therefore, although their eflFect of 
improvement of SSC-resistance of the steel are recognized, 
the methods can not satisfy the industrial requirement for 
producing high quality seamless steel pipes at higher 
productivity, by the direct quenching technology using eco- 
nomical facilities. 

DISCLOSURE OF THE INVENTION 

Regarding the conventional manufacture method of seam- 
less steel pipes, a raw pipe. i.e.. a hollow shell, which has 
been made of a steel billet by means of a skew-roll mill 
(piercing mill), is elongated and expanded with a plug mill 
or mandrel and finish-rolled with a sizer or reducer to the 
pipe. The process up to this step is called *'pipe manufac- 
turing process**. The manufactured seamless steel pipe is 
shipped, after heat treatment (usually, quench and temper for 
hi^ strength steel pipes), which provides the pipe with 
required mechanical properties and corrosion resistance. 

There is a technological trend to carry out the above 
mentioned heat treatment procedure in the line of the pipe 
manufacturing process in order to achieve an economical 
process and facilities. The direct quenching process is a 
typical one. However, as mentioned above, there are many 
problems in the direct quenching process for seamless steel 
pipes whidi have been pressed hitherto; and by using these 
processes it is difficult to produce steel pipes having prop- 
erties equal or superior to those of the pipes treated in the 
"ofiF-line reheating and quenching procedure". 

The primary object of the present invention is to provide 
a process for producing a seamless steel pipe having prop- 
erties superior to those of the pipe produced in the conven- 
tional ''off-line reheating and quenching procedure*': and the 
process being rational and economical, the same as the 
conventional direct quenching process, wherein the manu- 
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factured pipe is heat treated in a serial line connected 
directly with the pipe manufacturing line. 

In more detail, the object of the present invention is to 
provide a process for mass-producing CI 10 grade or over 
seamless steel pipes with superior SSC-resistance economi- 5 
cally. 

The Clio grade means a grade of high strength seamless 
steel pipe with 110-125 ksi (77-88 kgf/nim^) in yield 
strength. This is a standard grade used among manufacturers 
of oil well tubular goods as a grade over C90 grade of API 
(American Petroleum Institute) in respect of the high 
strength c<HTOsion resistance seamless steel pipe. Further, 
some grades higher than CI 10 such as C125 grade (yield 
strength: 125-140 ksi. i.e.. 88-98 kg^mm^) and C140 grade 
(yield strength: 140-155 ksi. i.e.. 98-109 kgf^mm') have 
being inquired. This invention is concerned with the pro- 
ducing all of these grades of high strength seamless steel 
pipes. 

The target of SSC-resistance is that the crack initiation 
threshold stress (cth) of the steel pipe in NAC:E TM 0177 
bath (mentioned later in detail) is 80% or more of the 
specified minimum yield strength of each grade. 

The process of this invention to achieve the above men- 
tioned objects is as follows: (in the following. of 25 
alloying element content means **weight %**). 

A process few producing a seamless steel pipe having high 
strength and excellent SSC-resistance conqnising steps of 
hot piercing and hot rolling, which is characterized by using 
a billet of low alloy steel which contains 0.15-0.50% of C. 30 
0.1-1.5% of Cr, 0.1-1.5% of Mo. 0.005-0.50% of Al. 
0.005-0.50% of Ti and 0.003-0.50% of Nb. and also char- 
acterized by comprising the following steps (1) to (5). 

( 1 ) hot rolling at 40% cm* more of cross sectional reduction 
ratio. 35 

(2) finishing the hot rolling in a temperatiu-e range of 
800-1100^ C. 

(3) putting the manufactured steel pipe pron^)tly in a 
complementary heating apparatus after the finish roll- 
ing and compiementarily heating at a temperature and ^ 
time satisfying the following formula (a). 

(4) quenching the steel pipe immediately after taking out 
of the complementary heating apparatus, and 

(5) tempering the pipe at a ten^rature not higher than ^3 
Ac I transformation point as the last heat treatment. 



23500S(r+273)x(21-i-k>g r)S26000 



(a) 



where T (°C) is a temperanire of not lower than 850** C, and 
t is time (hr). 50 

The process of this invention is characterized by the 
selection of optimum ranges of chemical composition of the 
steel billet, rolling condition and heat treating condition and 
combination of these ranges. In this process the pipe manu- 
factiu-ed by hot rolling is put into the complementary heating 55 
apparatus immediately after finish rolling without virtual 
cooling. The complementary heating apparatus is equipped 
in the pipe manufactunng line and the steel piF>e, taken out 
of the apparatus, is quenched to harden immediately. 
Accordingly, this method is essentially dififerent from con- 60 
ventional "oflF-line re-heating and quenching method". On 
the other hand, since there is the complementary heating step 
between the pipe manufacturing process and the heat treat- 
ment (hardening) process, this method is also different from 
the conventional **direa quenching method". In order to 65 
clarify the difference in the process of these methods, the 
heat treatment of the process of this invention will be 



referred to as "in-line heat treatment" hereinafter, and ttic 
quenching treatment in this in-line heat treatment will be 
called "in-line quenching". 

At least one intermediate heat treatment consisting of 
quenching or quenching and tempering can be inserted 
between the step (4) and (5). Reheating temperatiu-e for the 
quenching in the intermediate heat treatment should be in a 
range from AC3 point and *Ac3 point+100^ C. 

An example of preferable chemical composition of the 
steel billet for the process of this invention is as follows: 



C; 0.15 to 0.50% 

Mn; up to 1.59b- 

Mo; 0.1 to 1.5% 

Ti; 0.005 to 0^% 

N; up to 0.50% 

P: up to 0.05% 

Ni; t^ to 0. 1% 

Zr. up to 0.5% 

Ca: up to 0X)1% 

Fe and incidental impurities: 



Si: up to 1 3% 
Cr, 0.1 to 1.5% 
Al; 0.005 to 0.50% 
Nb; 0.003 to 0.50% 
O (oxygen); to 0.01% 
S; up to 0.01% 
V; up to 0-5% 
B: up to 0,01% 
W; up to 2X)% 
the balance. 



and contents of Ti. Zr and N are defined by the following 
formula (b). 



Tir%)-(48/ 14)x^ N(%M 14/91 )xZr(%) } 



(b) 



Particularly, it is desirable that the amount of V is from 

0. 05 to 0.5%. Furthermore, it is desirable for more improved 
SSC-resistance that Si content and/or Mn content of the 
billet is not more than 0.1%. 

P and S are in4>urities and contents of these impurities 
should be best as low as possible. It is more desirable that 
the amount of P and S is suppressed to not more than 0.005% 
and 0.0007%, respectively. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flow diagram showing steps from billet heating 
to the "in-line quenching** in the seamless steel pipe pro- 
ducing process of this invention. 

FIG. 2 is a partially sectional side-view showing the 
pierce having cross over arranged cone type forming roUs. 

FIG. 3 is a table showing chemical compositions of the 
steels being used in Example. 

FIG. 4 is a table showing the crack initiation threshold 
stresses for SSC-resistance of the pipes produced in the 
process of this invention. 

FIG. 5 and FIG. 6 are tables showing conditions for 
working and heat treating in the test of Example. 

FIG. 7 and FIG. 8 are tables showing results of tfie tests 
according to the conditions in FIG. 5 and FIG. 6. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

1. Chemical Composition of Material (Billet): 

The billet is made of a low alloy steel which contains as 
essential alloying elements. C; 0.15 to 0.50%, Cr; 0.1 to 
1.5%, Mo; 0.1 to 1.5%, Al; 0.005 to 0.50%. Ti; 0.005 to 
0.50% and Nb; 0.003 to 0.50%. At first, the function and 
technical reasons for defining the content of each essential 
alloying element will be described, 

C: 

C is necessary to increase strength and to in^jrove hard- 
enability of the steel. If the amount of the C is less than 
0.15%. the hardenabiiity of the steel becomes insufficient 
and the high strength of the steel cannot be obtained. On the 
other hand, if the C content exceeds 0.50%. quenching 
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cracking and delayed fracture tend to occur, and manufac- 
ture of seamless steel pipe becomes difficult. Therefore the 
C content is defined to a range from 0.15 to 0.50%. Pref- 
erable range of C content is 0.20 to 0.50%. and the most 
preferable range is 0.20 to 0.35%. 
Cr: 

Cr increases strength of the steel as the result of inqrove- 
ment of hardenability and also improves the SSC-resistance. 
Less than 0.1% Cr cannot produce these effects on steel. On 
the other hand, more than 1.5% Cr results in decrease of 
toughness and SSC-resistance of the steel. Accordingly, Cr 
content is defined to a range from 0.1 to 1.5%. Preferable 
range is from 0.3 to 1.2%. 

Mo: 

Mo increases strength of the steel owing to in^jrovement 
of hardenability. too. This element increases resistance 
against temper softening of steel and also in^roves SSC- 
resistance. These effects are not obtained suflSciently with 
less than 0.1% Mo content. On the other hand, if the Mo 
content exceeds 1.5%. the effects of the Mo addition satu- 
rates and SSC-resistance is deteriorated because the excess 
of Mo precipitates needle-like fine carbide particles which 
have a large stress concentration coefficient and become 
crack initiating points of SSC. Accordingly, a reasonable Mo 
content range is from 0.1 to 1.5%. Preferable range of the 
Mo content is from 0.20 to 1.0%. and more preferably. 0.3 
to 0.8% 

Al: 

Al is an element that is required for as a deoxidizing agent 
of steel. If Al content is less than 0.005%. the deoxidization 
effect can not be obtained: if Al content exceeds 0.5%. 
inclusions of the steel increase, toughness decreases and 
defects on threaded portions of the steel pipe tend to occur 
frequently. Therefore, an appropriate Al content range is 
0.005 to 0.5%. 

Ti: 

Ti is contained in amounts enough to fix N. one of the 
impurities as TiN. As the resuh of fixing N. in case of B 
containing steel, for example. B exists a as solute in the steel 
without forming BN and contributes to improving the hard- 
enability of the steel effectively. Solute Ti in the steel, i.e.. 
Ti in amounts in excess of that required to form TiN tends 
to extend the non-recrystallization area of the steel up to 
higher ten^erature zone and assists to accumulate a part of 
strain of deformation at high temperatures. Steel having fine 
recrystallized grains is able to be obtained when compara- 
tively low conq)lementary heating temperature is selected 
and the steel is kept for a period of time, satisfying the 
formula (a) mentioned previously. Since the solute Ti pre- 
cipitates finely during tempering after in-line quenching and 
improves the resistance to tender softening. Ti as well as 
Mo (Mo and W in case of W addition) makes it possible to 
temper the steel at a higher temperature. If the Ti content is 
less than 0.005%. the effect mentioned above is small. On 
the other hand, if the Ti content exceeds 0.50%. toughness 
of the steel is deteriorated. 

Nb: 

Nb-carbonitride, which dissolves in the steel during heat- 
ing at high temperature before piercing, scarcely precipitates 
in the steps of rolling, complementaiy heating, and the 
in-line quenching because the precipiting rate of 
Nb-carbonitride is very small. However, small amounts of 
Nb-carbonitride precipitate as fine particles at the coiiq>lc- 
mentary heating step. Since the number of the particles is not 
so small, the particles inhibit coarsening of grains of the 
steel and prevent the abnormal grain growth at the in-line 
quenching step. Most of the solute Nb precipitates as fine 
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particles of the carbonitride which improves resistance to 
temper softening of the steel and this effect results in 
improvement of SSC-resistance. 

Since the solute Nb has an effect to extend the temperature 
range wherein the strain of deformation is accumulated, Nb 
is an indispensable alloying element in order to attain the 
fine recrystallized grain structure. The effect is larger than 
that of Ti. 

When Nb content is less than 0.003%. various effects as 
mentioned above can not be obtained, and when the content 
is more than 0.50%. toughness of the steel deteriorates. 
Accordingly, an adequate Nb content range is 0.003 to 
0.50%, and. preferably, range is 0.005 to 0.50%. 

Combined addition of Ti and Nb: 

One of characteristics of the billet for the process of this 
invention is that it is a medium carbon steel containing Nb 
and Ti together. 

If the complementary heating procedure, under the con- 
dition defined in formula (a), is applied to the pipe which has 
been made of the billet containing Ti and Nb and has been 
rolled with a high reduction ratio, the pipe, prior to direct 
quenching, con^rises a recrystallized grain structure con- 
taining many fine particles of Nb-Ti -carbonitride and an 
appropriate amount of dissolved Nb and Ti. 

When Nb-Ti-carbonitride becomes coarse particles by 
coagulation, or most of the dissolved Nb and Ti is precipi- 
tated as Nb-Ti-carbonitride. even if the steel is quenched 
after the complementary heating procedure, the structure of 
uniform ultra fine grain and the effect of improving the 
resistance to temper softening can not be obtained. On the 
other hand, the steel pipe, which comprises a recrystallized 
grain structure containing appropriate amounts of dissolved 
Nb and Ti. surely has the uniform ultra fine grain structure 
because abnormal grain growth is suf^ressed by precipitated 
fine particles having an effect inhibiting grain boundary 
movement. 

The solute Nb and Ti precipitates into fine particles of 
carbonitride during tempering, and remarkably increases the 
resistance to temper softening. Since the increase of resis- 
tance to temper softening makes it possible for quenched 
steel to be tempered at a higher temperature, more internal 
strain is relieved from this ten^jered steel than the conven- 
tional steels of the same strength level, and additionally, 
carbide in this steel spherodizes much more. Therefore, 
corrosion resistance, particularly SSC-resistance. is 
improved more. The above mentioned effects of uniforming 
and refining grain structure can be obtained only in case the 
steel contains both Nb and Ti in very small amounts. 

Even if Nb or Ti is contained in the steel, in the case 
without the conq>lementary heating before quenching, the 
steel transforms from a non-recrystallized structured by 
quenching. The steel, which has a structure transformed 
from non-recrystallized austenite state, does not exhibit 
excellent SSC-resistance. Fine austenite grain structure can 
be obtained only by the complementary heating procedure at 
low temperature range, wherein the steel, having accumu- 
lated some strain of deformation, is recrystallized. The steel 
quenched thereafter has a transformed fine structure exhib- 
iting an excellent SSC-resistance- 

The following is description about other alloying ele- 
ments which may be contained optionally and impurities in 
the billet to be used in the process of this invention. 
Si: 

Si is an element contained inevitably in steel and con- 
tributes to deoxidation of the steel. Since the element 
increases resistance to temper softening of the steel and 
thereby in^ovcs SSC-resistance, it may be added positively 
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in an amount of not less than 0.1%. However, since more 
than 1.5% of Si deteriorates toughness and SSC-resistance 
of the steel unexpectedly, the Si content should be n<^ more 
than 1.5%. 

If Si content is depressed less than 0.1%. grain boundary 5 
embrittlement is prevented and SSC-resistance is improved 
remarkably. Therefore, if improvement of SSC-resistance is 
particularly required. Si should not be positively added and 
its content should be depressed up to 0.1%. mcH-e preferably 
up to 0.05%. 

Mn: 10 

Mn also is an element contained inevitably in steel and 
contributes to deoxidlzation and desulfurization of steel. It 
may be added positively in order to obtain diese effects, 
preferably not less 0.1%. If content of the Mn exceeds 1.5% 
however, toughness and SSC-resistance of the steel are 
deteri<M'ated, therefore the content should be suppressed up 
to 1.5%. preferably up to 1.0%. 

When deoxidlzation by Ai and desulfurization by the later 
mentioned Ca are fully achieved, the content of Mn as an 
impurity is preferably not more than 0.1%, and the less the 20 
better. On the in-line quenching, when Mn content is sup- 
IB-essed to less than 0.1%. grain boundary segregation of Mn 
which deteriorates SSC-resistance because of embrittlment 
of grain boundary is decreased. It is still more desirable that 
the Mn content is suppressed not more than 0.05%. 25 

Lowering of Mn and Si contents: 

When a steel pipe is subjected to the in-line heat- 
treatment in the process of this invention. SSC-resistance of 
the steel is improved remarkably by means of controlling 
each content of Mn and Si into less than 0. 1%. The reason 30 
for this improvement has not been completely elucidated, 
but it is thought as follows: 

In the conventional re-heat quenching process. Mn and Si 
segregate around grain boundaries during comparatively 
slow rate cooling to room temperature after the pipe manu- 35 
facturing process, even if Si and Mn contents are reduced to 
less than 0.1%. Grain boundary segregation of Mn and Si 
does not disappear in the usual retaining time of re-heating 
before quenching because too much time is needed for 
diffusion of the segregated Mn and Si. In the in-line heat- 40 
treatment, since the steel pipe is complementarily heated 
after the pipe manufacturing step, and then is quenched 
directly, the pipe is rapidly cooled and passes, in short time, 
through the ten^erature range, wherein the Mn and Si 
segregation occurs. Accordingly, precipitation of Mn and Si 45 
around grain boundaries is almost prevented. 

The above mentioned reducing of either Si or Mn content 
shows remarkable effect in improvement of SSC-resistance. 
Although it is effective to suppress either Si or Mn to less 
than 0.1%. the effect becomes larger if both elements are 50 
reduced less than 0.1%. 

P: 

P is an element contained inevitably in steel. Since P is 
detrimental to toughness and SSC-resistance of the steel 
because of segregation around grain boundaries, its content 55 
should be suppressed to no more than 0.05%. preferably no 
more than 0.025%. In order to improve SSC-resistance 
especially, it is desirable for the content to be suppressed not 
more than 0.002%. 

S: 60 
As an incidental impurity as well as P. more than 0.01% 
S forms large size inclusions which is harmful to toughness 
and SSC-resistance of the steel. Therefore S should be 
controlled in a range of 0.01% or less. Especially for the 
purpose of a significant improvement in SSC-resistance of 65 
the steel, it is desirable to suppress S content to not more 
than 0.0007%. 



Lowering contents of P and S: 

An in-line-heat-treatment procedure is adopted in the 
process of this invention method. In this process, if the upper 
limit of content of impurities P and/or S is controlled lower, 
an outstanding SSC-resistance of the steel pipe can be 
obtained as shown in the example described later. Namely, 
excellent SSC-resistance is obtained when the content of P 
is restricted to not more than 0.005%. If the content is not 
more than 0.002%. the improvement becomes excellent 
Excellent SSC-resistance is attained also when S content is 
suppressed to 0.0007% or less and the effect becomes larger 
when the content of S is not more than 0.0003%. It is 
considered that the reason why SSC-resistance Improves 
remarkably by reducing P and S contents, particularly when 
the in-line heat treatment is adopted, is based on a similar 
principle of reducing Mn and Si contents as described above. 

In the conventional reheating and quenching method alter 
rolling, grain boundary segregation of P and precipitation of 
MnS occur in the steel during the cooling to room ten^>era- 
ture. The segregated P or the precipitated MnS can not 
sufficiently disperse or resolve in the steel matrix in the 
conventional reheating step for quenching. Even if P or S 
content is reduced less than 0.005% or 0.0007% 
respectively, the segregation or the precipitation remains. On 
the other hand, it is hard to have the segregation or the 
precipitation in case of the in-line heat treatment, wherein 
the pipe is complementarily heated and directly quenched, 
because the pipe passes rapidly by quenching through the 
temperature range wherein the segregation and the precipi- 
tation occur easUy. In other words, the amounts of solid 
solution of P and MnS increase. Accordingly, it is possible 
that the segregation or the precipitation scarcely occurs if the 
P or the S content is suppressed to not more than 0.005% or 
0.0007% respectively. 

Since the effect of reducing P or S to an extremely low 
level does not depend on each other, the reduction of either 
element is effective. However, it is desirable that both 
elements are controlled simultaneously below the above- 
mentioned upper limits. By reducing both of the P and S. the 
SSC-resistance of the steel is extremely improved. 

Ni: 

Ni has an effect to in^rove toughness of the steel, but it 
is a detrimental element to SSC-resistance. Therefore, its 
content should be restricted up to 0.1% even if it is added. 
The intentional addition of Ni is not necessary. 

W: 

W is not an indispensable alloying element. The addition 
of W. however, increases strength of the steel owing to 
improvement of the hardenability. and increases resistance 
to temper softening and improves SSC-resistance. 
Therefore, it is possible to use W together with Mo to 
improve the temper softening resistance, keeping the previ- 
ously mentioned content of Mo within the range in which 
SSC-resistance is not injured. In order to improve SSC- 
resistance of the high strength steel pipe such as C125 grade 
or higlier, for example, it is indispensable to adopt a high 
temperature tempering of over 600** C. If a decrease of the 
strength of the steel by high temperature ten^>ering is 
intended to compensate with only a Mo content increase, the 
SSC-resistance is deteriorated by the precipitation of large 
needle-like Mo-carbide, owing to excessive amounts of Mo. 
W has the same effect as Mo on the temper softening 
resistance, and has an advantage in that large carbide is hard 
to be formed owing to slow diffusion rate based on heavy 
atomic weight of about 2 times of Mo, Therefore, the 
addition of W for replacing a part of Mo makes it possible 
to obtain the steel composition to be tempered at high 
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temperature without addition of an excessive amount of Mo. 
That is, the steel which contains together with not more 
than 1,5% Mo, is able to be tempered at high tenq>erature 
and thereby can have a higher level SSC-resistance. 

In case of an addition of W« ttic range of W content should 5 
be 0. 1-2.0%. preferably less than 1.0%. because the effect of 
a W addition is insufficient with less than 0.1%. and when 
the content exceeds 2.0%, the effect is saturated and occur- 
ring segregation induces deterioration of SSC-resistance of 
the steel. lO 

The reason why the high temperature tempering is desir- 
able is as follows: if steels which have been tempered at 
various temperatures have the same strength, the steel tem- 
pered at the higher temperature has the better SSC-resistance 
because of decreased internal residual strain and progressed 
spherodizing of cementite. 

V: 

V is also not an indispensable alloying element, but, for 
example, it is a useful element particularly for the high 
strength seamless pipe of C140 grade or over, i.e., the pipe 
having no less than 140 ksi( about 98 kgf/mm^) yield 
strength. V precipitates fine particles of carbide in the steel 
during tempering, and increases the resistance to ten^^er 
softening. Although Nb containing steel has enough resis- 
tance to ten^r softening without V addition, the resistance 
in:4>roves remarkably by addition of V together with Nb. 
Therefore, the steel containing Nb and V can be tempered at 
a high temperature over 650'' C. which is desirable for 
improvement of SSC-resistance of the said ultra high 
strength steel pipe. Not less than 0.1% V is desirable to 
assure the above mentioned effect of V. However, it should 
be not more than 0.5% because toughness of steel deterio- 
rates when V content exceeds 0.5%. 

Zr: 

Zr addition is effective to increase yield point elongation 
in tensile test of the steel, and thereby improves SSC- 
resistance of the steel. Since Zr is an expensive alloying 
element, its addition is not always necessary. However, the 
Zr addition is preferable for further improvement of SSC- ^ 
resistance. Its content should be restricted up to 0.5%. 
because inclusions increase and the toughness deteriorates 
when the content exceeds 0.5%. 

B: 

A small amount of B improves hardenability and SSC- 45 
resistance of particularly heavy thickness steel materials. In 
the steel for the process of this invention, B also is not an 
indispensable alloying element but can be added as needed. 
When B is added for improvement, it is better that the 
content of B is not less than 0.0001% because the effect of 50 
addition does not appear clearly under 0.0001%. On the 
other hand, since toughness and SSC-resistance are deterio- 
rated by more than 0.01%, its content should be up to 0.01%. 

Ca: 

Ca combines with S to form sulfide and in4>roves shapes 55 
of inclusions, in the steel, and thereby in^roves SSC- 
resistance. It should be decided properly whether to add Ca 
or not. because the extent of the effect varies with S content 
and the corrosion resistance of the steel is deteriorated 
sometimes by its addition if the deoxidization of the steel is 60 
insufficient. When Ca is added, it is desirable for the content 
range to be controlled into 0.0001-0.01%. If the content is 
less than 0.0001%. the effect is not remarkable. On the other 
hand excessive amounts of Ca not only causes surface 
defects of the pipe but also deteriorates the toughness and 65 
corrosion resistance of the steel. Therefore, the tipper limit 
of the Ca content is 0.01%. 
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N (nitrogen): 

Since N is inevitably contained in steel and deteriorates 
the toughness and the SSC-resistance of the steel, it should 
be controlled to not more than 0.01%. Although the N 
content is not able to be zero, the less the better. 

Since the affinity of N with Ti in the steel is extremely 
large, it should be considered that both of the N and Ti 
contents satisfy the following formula in order to make the 
effect of the addition of Ti definite. 

Ti(%)><48/14)XN(%) 

The said formula becomes the following (b) for the steel 
containing Zr. 



ri(%)-(48/ 14)x^ (%)-< 14/91 )x2r(%) f >0 



(b) 



O (oxygen): 

O exists inevitably in steel as an impurity and deteriorates 
the toughness and SSC-resistance of the steel. The content 
should be restricted to not more than 0.01% the same as N. 
and the less the better, 
n. Pipe Manufacturing and Heat Treatment 

Referring to FIG. 1. each step of the process of this 
invention is explained hereinafter. 

(A) Heating of Billet: 

FIG. 1 is a flow diagram showing an example of the 
process of this invention for producing seamless steel pipes 
from billet heating to in-line quenching. Heating tempera- 
ture of the billet in the heating furnace 1 should be in a range 
to allow hot piercing with a pierce 2 arranged next to the 
furnace 1. Since an optimum billet heating temperature is 
different by the con]|X>sitlon of the steel, the temperature 
should be decided with consideration of ductility and 
strength of the steel at elevated ten^eratures. The general 
range of the billet heating ten:^>erature is 1100 to 1300° C. 
The heating method can be any conventional one such as gas 
heating and induction heating. In order to realize a blUet 
heating of high efficiency, it is preferable that the billet has 
an integral multiple length of the length of the billet to be 
supplied to the pierce and also that the billet is cut off to the 
piercing length, by cutting equipment installed next to the 
heating furnace 1, before piercing. 

Manufacturing history of the billet, which is charged into 
the furnace, is not important. Any billet, such as a billet 
made by blooming or continuous casting with a round shape 
mold, can be used. For the energy saving, it is recommend- 
able that the billet, which has been manufactured by bloom- 
ing or continuous casting, is charged into the furnace before 
being cooled to room teii^>erature. 

(B) Piercing; 

Piercing is the step for manufacturing a raw pipe (hollow 
shell) by making a hole through the billet at an elevated 
temperature. There are various piercing methods such as 
skew-roll piercing, press piercing, and any of these methods 
can be used in the process of this invention. 

FIG. 2 shows a partially cross sectional side-view of a 
cross over type pierce with cone shape rolls which is 
recommendable to be used for the process of this invention. 
In this piercer, the cone type rolls 26 are arranged on the 
upper and lower sides of pass line 21 so that the center lines 
of the rolls may cross over. The billet 22 is driven in the 
direction of the arrow and pierced by a plug 24 supported by 
a mandrel 23. Thus a hollow shell 25 is made. Cross over 
angle to be mentioned later is the angle (G) between the 
center line L of the roll and the horizontal plane including 
the pass line. 

The reason why the pierce shown in FIG. 2 is recom- 
mendable for the process of this invention is as follows: in 
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order to enlarge the reduction ratio in the subsequent steps. 
i.e.. elongating and finish rolling steps, it is favorable that the 
billet have been pierced into an expanded and thin wall 
hollow shell. A large mill power over the capacity of the 
conventional mill is required sometimes for rolling a thick 
wall hollow shell at high reduction. When the cross over 
type pierce with cone shape rolls is applied* the wall 
thickness of the hoUow shell is able to be thinner than that 
of the hollow shell whidi is pierced by the usual pierce with 
barrel shape rolls; and it becomes . possible that a heavy 
working of more than 40% of combined reduction of elon- 
gating and finish rolling is earned out easily. In this piercing 
step, it is favorable for the cross over angle (6 in FIG. 2) to 
be in the range of 5 to 35 degrees. If die angle is smaller than 
5 degrees, it is difficult to obtain a required thin wall hollow 
shell. On the other hand, if the angle is larger than 35 
degrees, the piercing procedure becomes unstable because 
of clogging of the bottom end of the hollow shell, i.e.. the 
pierced pipe can not pass through the piercer. 

Since the surface defects of hollow sheU tend to be 
induced during piercing as the billet temperature becomes 
lower, it is preferable to heat the billet before piercing by a 
supplementary heating apparatus, for exan^^le an induction 
heating apparatus installed before the piercer 2. 

(C) Hot Rolling (Elongating rolling and Finish rolling): 
The hot rolling consists of two steps, i.e.. **elongating 
rolling** step, wherein the pierced hollow sheU is rolled and 
elongated, and ^linish rolling** step, wherein the elongated 
pipe is fuither rolled for the final seamless pipe which has a 
required shape and sizes. In the process shown in FIG. 1 as 
example, the elongating mill is the mandrel mill 3. and the 
finish rolling mill is the sizer 4. The term. "Reduction ratio 
of hot rolling*", in this specification, means the total reduc- 
tion ratio in **elongating rolling'* and ^iinish rolling**. Work- 
ing temperature of the hot rolling is lower than that of the 
piercing. Consequently, the hot rolling is an important step 
which dominates the effects of the thermo-mechanical treat- 
ment. 

In the process of this invention, the reduction ratio of hot 
rolling is restricted to not less than 40% in cross sectional 
reduction of the pipe wall and the finishing ten:^>erature 
(temperature of the pipe immediately after the finish rolling) 
is restricted within the range of 800-1100** C, preferably 
within 800-1050° C. 

If the reduction ratio of the hot rolling is less than 40%. 
the effect of grain refining can not be obtained because 
recrystallization does not progress smoothly, even if the 
complementary heating is applied and furthermore, abnor- 
mal grain growth occurs sometimes. 

The upper limit of the reduction ratio can not be generally 
decided because it depends on the billet composition and the 
mill capacity. However, it is preferable that the ratio is 
restricted up to 80% because surface defects tend to be 
induced when the ratio is too large. If the finishing tempera- 
ture exceeds 1100® C, the grains grow and the required fine 
grain structure can not be obtained. Usually the lower 
finishing temperature makes the recrystallized grains finer, 
however when the temperature is too low. rolling at over 
40% reduction becomes dif&cult because of increasing 
deformation resistance of the hollow shell and energy con- 
sumption for the complementary heating to be applied after 
the finish rolling becomes large. Therefore, the lower limit 
of the finishing temperature is restricted to 800** C. 

In the process of this invention, reheating during the hot 
rolling. i.e.. heating between the elongating rolling and the 
finish rolling is not applied. Since the reheating is not only 
an excess step, but also it relieves the deformation strain 



stored in the elongating step in the steel, it is unfit for the 
purpose of this invention to store a large deformation strain 
in the steel after the finish rolling. It is desirable that the 
finish rolling is conducted before the strain, whidi has been 

5 introduced by the elongating, is relieved. For the purpose 
above, it is recommendable to use a compact apparatus in 
whidi the elongating rolling mill and the finish rolling mill 
are arranged close by each other, although usually both of 
the mills are arranged separately with a considerable dis- 

10 tance. As shown in FIG. 1. the elongating mill (mandrel mill 
3) and the finish rolling mill (sizer 4) are arranged close by 
each other so that the top of a pipe being rolled can be bitten 
in the first stand roll of next mill (sizer 4) while the rear end 
of the pipe is still in the former mill (mandrel mill 3). It is 

15 preferable to use an extracting sizer for the finish rolling 
miU. 

(D) Complementary Heating: 

The complementary heating is a step wherein the pipe, 
after finish rolling, is heated complementarily. The comple- 

20 mentary heating equipment 5 shown in FIG. 1 can be any 
kind of equipment in whidi the temperature is able to be 
precisely controlled. Usual combustion heating furnace, 
electric heating furnace or induction heating furnace can be 
used. However, equipment such as a conmion heat insulating 

25 cover, in which neither heating nor temperature control can 
be carried out. are not suitable. 

The complementary heating step is the most important 
characteristic of the process according to this invention. This 
step is applied for the purpose of refining the grain structure 

30 of the steel pipe before quenching by recrystallization. as 
well as introducing a large number of dispersed fine pre- 
cipitation particles, which suppresses the abnormal grain 
growth by preventing grain boundary movement. The steel 
pipe, thus recrystallized and quenched, thereafter has fine 

35 and uniform grain structure which is the same as that of the 
pipe subjected to the conventional ofif line reheating- 
quenching at worst 

In case of a process wherein the pipe is reheated during 
hot rolling (between the elongating rolling and the finish 

40 rolling), another reheating at rather high temperature is 
necessary after the finish rolling and the grain refining effect 
of recrystallization decreases. In contrast with the said 
process, the grain refining effect by recrystallization reaches 
the maximum in the process of this invention by applying 

45 the complementary heating immediately before quenching. 
In addition, the complementary heating makes it easy to 
control the quenching temperature predsely and to suppress 
anisotropy of mechanical properties of the pipe. 

The recrystallization and refining of the grains are 

50 achieved by the combination of the complementary heating 
and the high reduction ratio of the hot rolling. In contrast 
with the usual process comprising the reheating step during 
hot rolling, the steel is not worked after the complementary 
heating in the process of this invention. Accordingly, the 

55 temperature of the complementary heating can be selected in 
the lowest recrystallizing temperature range. Even if the 
steel pipe is fully soaked at the temperature for a long time, 
there is no possibility of undesirable grain growth. The fine 
recrystallized grain structure can be obtained by only one 

60 complementary heating. 

The complementary heating temperature T (°C.) and time 
t (hr) should satisfy the preceding formula (a). i.e.. the value 
of (T-l-273)x(21+log t) should be in the range of 
23500-26000. If the value is lower than 23500. the recrys- 

65 tallization does not finish completely. On the other hand, if 
the value exceeds 26000. the effect of increasing resistance 
to temper softening can not be obtained in the next temper- 
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ing step after quenching because the carbonitride of Nb and 
Ti coagulates into large particles or most of the solute Ti and 
Nb in the steel precipitates as carbonitride. In this case, ultra 
fine and uniform grain structure can not be obtained, and 
consequently iiiq>rovement of corrosion resistance (SSC- s 
resistance) becomes poor. 

Neither the temperature (T) nor time (t) is required to be 
a constant value during the complementary heating. Insofar 
as the condition of formula (a) is satisfied, it is allowed that 
T is changed stepwise or continuously and t may be con- lo 
trolled according to the thus changed T. More precisely, it is 
allowed that the complementary heating is carried out at a 
temperature T (®C.) for a time t (hr) so that the value of fn2 
may be controlled within the range of 23500-26000. 
wherein fn2=(T+237)x(21+log t). Embodiments of the heat- 15 
ing are as follows: 

(1) The value of fn2 is controlled within 23500-26000 at 
an optional constant temperature T CC.) for time t (hr). (2) 

Provided soaking times are t|, tj and t„ at each 

temperature Tj. Tj. T, and T„ in a complementary 20 

heating, the soaking time i^. and t„ at temperature 

Tj. Tn and T„ are converted into tji. and t„i 

at the temperature T^. Thereafter, the value of fn2 is con- 
trolled within 23500-26000 assuming that the pipe is heated 
at the temperature Tj for a time **tj+t2i+t3j-»- . . . +t„i*\ 25 

As mentioned above, the tert^>erature and the time of the 
con:^)lementary heating are decided by the equation (a), but 
the temperature (T) should be selected to be not lower than 
850** C. If the temperature is lower than 850** C. transfor- 
mation to ferrite occurs. Since the grains grow to coarse if 30 
the temperature exceeds 1100* C. it is desirable that the 
temperature is not higher than 1 100° C. An appropriate time 
range of the complementary heating is about 10 seconds to 
30 minutes. 

When the complementary heating is introduced between 35 
the finish rolling and quenching treatment, favorable sec- 
ondary effects are obtained as follows. One of these effects 
is that the quenching temperature can be controlled properly. 
Another effect is that temperature differences between posi- 
tions in length and circumference directions in a pipe, and 40 
between pipes in a lot can be minimized. By this homoge- 
neous heating, variation of properties by positions in a steel 
pipe and scatter of properties in the steel pipes in a lot 
decrease, and reliability of the products is enhanced. 

(E) In-line Quenching: 45 

It is also a major characteristic of the process of this 
invention that the above mentioned complementary heating 
and succeeding quenching are conducted together in a pipe 
manufacturing line. As previously mentioned, this treatment 
is called "in-line quenching" in this specification, since it is 50 
quite different from "direct quenching" wherein the pipe is 
quenched immediately after the finish rolling. 

It is required for the in-line quenching that the quenching 
temperature is no lower than the Ar, transformation point 
because the steel should be rapidly cooled from the austenite 55 
state. In the process of this invention the pipe is heated at a 
temperature no lower than 850** C. by the said complemen- 
tary heating. Since the Ar3 transformation point of the steel 
for the process, having the previously mentioned 
composition, is not higher than 850° C. the quenching 60 
ten^jerature over Arj point is secured when the steel pipe is 
quenched immediately after discharge from the complemen- 
tary heating equipment. Quenching is conducted by using 
cooling equipment 6. which is arranged just after the 
complementary heating equipment as shown in FIG. 1. 65 

The cooling rate of quenching at the in-line quenching is 
not limited in particular. The cooling rate can be selected 
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appropriately in accordance with chemical compositions of 
the steels so that required low-temperature transformation 
structure may be obtained in the whole wall thickness of the 
steel pipe. However, since the larger cooling rate the more 
the SSC-resistance of the produces is improved, quenching 
by water is preferable. 

(F) Last Tempering: 

When the quenched steel pipe, having the low tempera- 
ture transformation structure of fine uniform grains, is 
tempered at a temperature not higher than Ac^ point, 
required properties (strength, toughness, and corrosion- 
resistance) are given to the steel pipe. That is to say. a high 
strength seamless steel pipe, which has the desired excellent 
SSC-resistance. is able to be obtained after this tempering 
treatment. The last treatment in the process of this invention 
is the tempering, regardless of a presence of an intermediate 
heat treatment described later. 

The tempering should be carried out by suflBcient soaking 
because it is an important treatment dominating the proper- 
ties of product. When temperature scattering of tempering is 
controlled within ±10° C. preferably ±5° C. the scattering 
of strength (tensile strength and yield strength) of the pipe is 
able to be suppressed within ±5 kgf/imn^. A lower limit of 
the tempering temperature needs not be decided particularly, 
but when the tempering is conducted at higher ten^rature. 
the properties of the seamless steel pipe, especially SSC- 
resistance. is more improved, because internal strain and 
stress in the low-temperature transformation structure gen- 
erated by quenching is relieved or eliminated and carbide is 
spherodized. Accordingly, the recommendable tempering 
temperature is not lower than 550** C preferably not lower 
than 650° C. for C140 grade. 

(G) Intermediate Quenching between In-line Quenching 
and the Last Tempering: 

In the process of this invention, since the grain structure 
of the steel pipe just before the quenching is refined by 
recrystailization in the complementary heating after the 
finish rolling, seamless steel pipes, having sufGcient prop- 
erties for practical use. can be obtained by adopting only the 
tempering (the last tempering) after the in-line quenching. In 
other words, since the steel pipe, which has been subjected 
to the in-line quenching and only one time tempering has 
high strength, high toughness and excellent corrosion 
resistance, it can be used satisfactorily without any other 
heat treatment in a severe corrosive environment. 

Depending on circumstances, further high rank of tough- 
ness and corrosion resistance is sometimes demanded. In 
this case it is required that the grain structure should be a 
much finer uniform one. This ultra fine uniform grain 
structure is able to be obtained by implying one or more 
times of 'Intermediate heat treatment'* between the in-line 
quenching and the last tempering. The intermediate heat 
treatment consists of a quenching (intermediate quenching) 
or combination of the quenching and a tempering 
(intermediate tempering). Accordingly, the intermediate heat 
treatment includes various embodiments. Processes of the 
heat treatment from the in-line quenching to the last tem- 
pering are illustrated for examples as follows. Indicating the 
in-line-quenching, the intermediate quenching, the last tem- 
pering and the intermediate ten4>ering as IQ. MQ. FT and 
MT respectively, there are the following 7 typical processes 
of heat treatment 

® IQ->FT 

® IQ^MQ^FT 

m IQ^MT^MQ^FT 

® IQ-»MQ^MQ->FT 

® IQ->MQ->MT->MQ->FT 
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® IQ->MT^MQ->MQ-»FT 

® IQ->MT->MQ^MT^MQ-^FT 

When the condition of the foimula (a) is satisfied in the 
con^iementary heating stq), excellent toughness and cor- 
rosion resistance of the steel is obtained because the carbo- 
nitride of Nb and H does not coagulate into coarse particles 
by tempering, coarsening and abnormal growdi of the grain 
of steel is suppressed, and f urthmnore. the effect of increas- 
ing the resistance of ten^r softening is retained. 

In the intermediate quenching step, it is preferable that the 
in-line quendied steel pipe is quenched after reheating at a 
ten^>erature range from the AC3 transformation point to ^thc 
AC3 transformation point +100** C". 

in the seamless steel pipe which is in-line quenched 
according to this invention, many fine carbonitride particles 
of Nb and Ti precipitate and a proper quantity of dissolved 
Nb and Ti is contained. When the pipe is reheated and 
intermediate -quenched, the abnormal grain growth is sup- 
pressed and the ultra fine uniform grain structure is obtained 
because grain boundary movement is inhibited. The grain 
structure becomes finer by repeating this intermediate 
quenching treatment and under this condition the toughness 
and corrosion resistance of the steel improves. If the heating 
temperature for intermediate quenching is lower than the 
AC3 transformation point, the quenching is ineffective 
because the steel does not reach a fully austenite state. On 
the other hand, if heating tenq>erature exceeds *the Ac, 
transformation point+100° C.'\ the seamless steel pipe does 
not have the required properties because of coarsened grain 
structure. 

The heating rate of reheating for the intermediate quench- 
ing is favorable to be large, therefore it is desirable to use 
reheating equipment such as the electromagnetic induction 
heater. The cooling rate of the intermediate quenching is 
desirable to be large, the same as that of the in-line quench- 
ing. When two or more intermediate quenchings are applied, 
it is desirable that the reheating temperature of the subse- 
quent quenching is lower than that of the preceding one for 
improvement of toughness and corrosion resistance. 

The intermediate tempering is applied mainly in order to 
prevent delayed fractiu-e that is called, "season cracking**. 
Release of hydrogen dissolved in the steel is promoted by 
this tempering and the delayed fracture is able to be pre- 
vented. Accordingly, it is desirable to apply the intermediate 
tempering for prevention of the delayed fracture after 
quenching, particularly when the waiting time for the next 
quenching step is expected to exceed 5 hours. 

The upper limit of the intermediate tempering temperature 
should be not higher than the Ac^ transformation point for 
the required properties of seamless steel pipe. In order to 
definitely obtain the ultra fine uniform grain structure with 
the subsequent reheating and quenching treatment, it is 
desirable that the intermediate tenq>ering tenq)erature is not 
higher than 700° C. The lower limit of the intennediate 
tempering temperature may be 500*^ C. for example, which 
is enough to prevent the delayed fracture. 

The effect of this invention will be explained more 
concretely in the following Example. 

EXAMPLE 

Steels "a" to "s**. having compositions shown in FIG. 3. 
were melted in a vacuum induction furnace and cast into 
ingots of 150 kg each. The steels "a" to "o" in the FIG. 3 are 
the steels suitable for raw material of the process of this 
invention (referred to as **the steels of this invention'* 
hereinafter), and the steels *'p*' to "s** are comparative steels 
in which contents of alloying elements are out of the ranges 
defined in this invention. 
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Steel plates of 12 mm thick, 80 mm wide and 600 mm 
long were made of these steel ingots by hot working. The hot 
working was a hot f caging simulating the piercing in the 
process for manufacturing seamless steel pipes. Both of the 
s elongating rolling by a mandrel mill and finish rolling by a 
sizer mill were simulated by rolling in a plate rolling mill. 

The cross sectional reduction ratio of the pipe, which is 
used generally as the deformation ratio for steel pipes, is 
almost the same as the deformation ratio represented by the 
10 reduction of thickness in plate rolling. Therefore, properties 
of the plate samples estimated in this example can be 
considered to be properties of the pipe produced in the 
practical manufacturing line. 

FIG. 4 shows differences of SSC-resistance dq>ending on 
15 chemical compositions of the steels. The hot working and 
heat treatment process were the processes of this invention 
comprising the ^^complementary heating*' and **in-line 
quenching*'. The conditions were as follows: 

1. Heating temperature before forging (simulating the 
20 piercing) — 1200"* C. 

2. Reduction ratio of forging (simulating the piercing)^ 
40%. 

3. Reduction ratio of hot rolling (simulating the elongating 
and finish rolling) — 80%. 

25 4. Finishing temperature of the finish rolling — 860° C. 

5. Ten^erature of Ae complementary heating — 900° C. 

6. Time of the complementary heating — ^5 minutes. 

7. Ten^rature of the in-line quenching (without the inter- 
mediate heat treatment) — 870° C. 

30 Steel plates having various strength for the evaluation of 
SSC-resistance were prepared by changing the tempering 
temperature, and the plates after tempered were evaluated by 
the constant load method of NACETM0177 METHOD-A. 
The adopted load stress was 80% of the true yield strength. 

35 and SSC-resistance was evaluated with the maximum yield 
strength without breaking. 

It is apparent from FIG. 4 that the threshold strength of 
SSC-resistance of any sample of test No. 1-15. using the 
steels of this invention, was higher than that of any saii^)le 

40 of test Nos. 16-19 using the comparative steels, i.e.. the 
SSC-resistance has been improved. Particularly, improve- 
ment of SSC-resistance of the steels containing W or V (steel 
**e". "n". and "o") is large compared with that of the steel 
(steel "a") without these elements. The effect of W or V is 

45 apparent. The samples made of steels **g" to with low 
level content of Si. Mn. P and S (test No. 7-13) showed an 
excellent SSC-resistance. Among them, the sample of test 
No. 13 made of steel "m". in whidi all contents of Si, Mn. 
P and S were restricted to extremely low level, has the most 

50 excellent SSC-resistance. It is clear from these test results 
that the SSC-resistance can be improved remarkably by 
controlling Si. Mn. P and S contents to low level. 

FIG. 7 and 8 show properties of the samples which were 
made of the steels shown in FIG. 3 under various conditions 

55 of working and heat treating as shown in FIG. 5 and 6. 
Samples of test Nos. 1-6. 25-29. 35 and 36. using the steels 
"a" and **b*'. were adjusted to the C125 grade and other 
samples using other steels were adjusted to the C140 grade. 
The Sc values were estimated by NACE TM0177 

60 METHOD-B (three-point bending method) and SSC- 
resistance was evaluated by inspection of crack generation 
in the test according to METHOD-A (constant load test) in 
which stress of 80% of the specified miniimim yield strength 
was loaded on the specimen. 

65 The abnormal grain growth was detected as follows: a 
cross section of the sample was scanned along 1000 pm 
length with using a conventional linear analyzer and the 



